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Abstract: Seed germination is a key transitional stage in plant life cycle and is strongly regulated by 
temperature and light. Therefore, research on the effects of temperature and light on seed germination is 
extremely meaningful for vegetation restoration, especially in desert ecosystems. Seeds of 28 ephemeral 
plants collected from the Gurbantunggut Desert of China were incubated at different temperatures 
(5°C/1°C, 15°C/5°C, 20°C/5°C, 25°C/10°C and 30°C/15°C) in 12-h light/12-h darkness or continuous 
darkness regimes, and the responses of seed germination to temperature and light and the germination 
speed were studied in 2016. Results showed that seed germination percentage of the 28 ephemeral plants 
significantly differed to temperature and light. We classified the studied plants as the following groups 
based on their responses to temperature: 1 low temperature responsed plants, 12 moderate temperature 
responsed plants, 7 high temperature responsed plants, 4 non-responsed plants and 5 plants of no 
germination. It should be noted that Corispermum lehmannianum Bunge is sensitive to both moderate and 
high temperatures. There were 4 groups of plant in response to light, i.e., 7 light responsed plants, 10 dark 
responsed plants, 6 light non-responsed plants and 5 plants of no germination. Based on seed germination 
speed of the 28 ephemeral plants, we divided them into 4 patterns of germination, i.e., very rapid, moderately 
rapid, moderate and slow. Combining variations of temperature, precipitation and sand dune types in the 
study area, we suggested that very rapid and moderately rapid germinated plants could be used to moving 
sand dunes in early spring during vegetation restoration, moderate germinated plants could be used to 
semi-fixed sand dunes in late autumn, and slow germinated plants could be used to sand plain in summer. 
Thus, seedling establishment and vegetation restoration would be improved by considering seed 
germination characteristics of these ephemeral plants in the Gurbantunggut Desert, China. 
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1 Introduction 


Since the 1990s, land reclamation and livestock grazing have been widely conducted in arid and 
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semi-arid lands of China (Stumpp et al., 2005; Tang et al., 2016; Jia et al., 2018), thus causing 
vegetation destruction and desertification (Zheng et al., 2003; Wang et al., 2004; Yan et al., 2016). 
Hence, it is essential to take measures to recover the damaged land in these areas. In the process 
of vegetation restoration, seed germination is a key to success and is often affected by 
environmental factors, such as soil moisture, temperature, light, etc. Particularly temperature 
often changes the activity of enzyme in seed, which causes seed coat to rupture and changes the 
permeability of water permeability, ultimately affecting seed germination (Tabatabaei, 2015). 
Simultaneously, light can also act as a stimulus signal to release seed dormancy, thereby inducing 
seed germination (Barrero et al., 2012). Therefore, it is especially important to study the effects of 
temperature and light on seed germination. 

Temperature is an important environmental factor influencing seed germination (Ghosh and Pal, 
2012; Hou et al., 2014). Within a certain temperature range, seed germination percentage has a 
linear relationship with temperature (Phartyal et al., 2009) and the highest germination percentage 
is found within a certain temperature range (Chanyenga et al., 2012; Zhou et al., 2012). Moreover, 
temperatures above or below the optimal temperature are not beneficial to seed germination (Gao 
et al., 2007). Therefore, seed germination may occur between the minimum and maximum 
threshold temperatures and the highest germination percentage corresponds to the optimal 
temperature (Durr et al., 2015). Therefore, research on the effect of temperature on seed 
germination is essential to determine the appropriate time for sowing during vegetation 
restoration process (Baskin and Baskin, 1998; Durr et al., 2015). 

Light is another important environmental factor that affects seed germination, and seed 
germination with specific responses to light has been widely studied (Zhang et al., 2012). Some 
species can germinate in light or darkness, but the other species only germinate in continuous 
darkness (Wang et al., 2005; Liu et al., 2010). In the field, when seeds mature, they fall from the 
maternal plants onto the soil surface and are inevitably buried into the soil that affects the ability 
of seeds to acquire light. Thus, research on the effect of light on seed germination can indirectly 
reflect the burial depth of seeds. 

Ephemeral plants are a group of plant species that are able to complete their life cycle quickly 
and successfully at the end of spring or the beginning of summer by using the available melting 
snow and rain water (Ueckermann and van Rooyen, 2000; Huang et al., 2015). Ephemeral plants 
are mainly distributed in the desert of Central Asia, the coastal of Mediterranean and the 
Gurbantunggut Desert, China (El-Keblawy, 2003; Yao and Tan, 2005; Lu et al., 2012). 
Particularly, ephemeral plants cover up to 40% of the Gurbantunggut Desert in May, while shrubs 
and herbs cover less than 10% of this area (Wang et al., 2003). Therefore, ephemeral plants are 
the main contributors to the stabilization of sand surface in early spring in the Gurbantunggut 
Desert. However, research on the effect of temperature and light on seed germination of 
ephemeral plants is rare, and that research has focused on seed germination of individual plants 
(Wang et al., 2003). Hence, we collected seeds from the 28 ephemeral plants in the 
Gurbantunggut Desert and performed seed germination experiments combining multiple 
temperature and light treatments in the laboratory to answer the following questions: (i) which 
temperature is the most suitable for seed germination of each plant? (ii) what is the response of 
seed germination to light and darkness? and (iii) depending on the responses of seed germination to 
light and temperature, which types of plants can be selected for vegetation restoration in the 
Gurbantunggut Desert? 


2 Study area and methods 


2.1 Study area 

The Gurbantunggut Desert is located in northwestern China (44°11’/N-46°20'N, 84°31'E-90°00'E; 
Fig. la) and covers an area of 4.88x10* km? (Zeng et al., 2016). The Gurbantunggut Desert is 
characterized by an arid and windy climate and is prone to sandstorms especially in early spring 
(Wang et al., 2004). It includes different types of sand dunes, such as moving sand dunes, 
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semi-fixed sand dunes and sand plains (Figs. la—c; Wang et al., 2003). 

From 1 September, 2016 to 1 September 2017, the daily average temperature decreased and 
then increased, with a minimum of —25°C on 17 February 2017 and a maximum of 33°C on 9 July 
2017 (Fig. 2a). The snow began to melt on 20 March 2017. Water from snowmelt caused a sharp 
increase in soil water content at the end of March. Soil water content remained at an 
approximately 9% from late March to late April (Fig. 2b). 


Fig. 1 Different types of sand dunes in the Gurbantunggut Desert, China. (a), moving sand dunes; (b), 
semi-fixed sand dunes; (c) sand plains. 
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Fig. 2 Precipitation and temperature (a) and soil water content (b) in the Gurbantunggut Desert, China from 1 
September 2016 to 1 September 2017 


2.2 Collection of seeds 


Seeds of the 28 ephemeral plants were collected from moving sand dunes, semi-fixed sand dunes 
and sand plains of the Gurbantunggut Desert from May to July 2016. All seeds were randomly 
sampled from 30-50 mature plants. The seeds were brought back to laboratory and air dried at a 
room temperature (approximately 20°C and a relative humidity 30%) in darkness until they were 


used in germination experiment on 15 July 2016. The detailed information of these plants is 
shown in Table 1. 


2.3 Experimental methods 


We used 5 temperature regimes, i.e., 5°C/1°C, 15°C/S°C, 20°C/5°C, 25°C/10°C and 30°C/15°C. 
The 5 temperature regimes were used to simulate the monthly average temperatures of March, 
April, May, June and July in the Gurbantunggut Desert. Under each temperature treatment, the 
seeds of the 28 ephemeral plants were placed in growth chambers under two light regimes, i.e., 
12-h light/12-h darkness (12-h photoperiod with a light intensity of 200 pmol/(m-s)) and 
continuous darkness (darkness was maintained by using aluminum foil). For each treatment, 200 
seeds (four replicates, 50 seeds per replicate) of each plant were used for seed germination 
experiment. The seeds were placed in Petri dishes that were 9-cm in diameter and contained filter 
paper moistened with distilled water. Four Petri dishes were used per treatment, and the Petri 
dishes were sealed with parafilm so that watering was not needed during the entire experimental 


Table 1 Characteristics of the 28 ephemeral plant species in this study 
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Regeneration Memon 
No. Family Species Life cycle z art Seed mass (mg) seed 
P collection 
i Goldbachia laevigata Annual 
1 Cruciferae (M. Beib.) DC. herb Seeds 0.823+0.038 June 
2 Cruciferae Malcolmia serp pies Annual Seeds 1.240+0.000 June 
(Bunge) Boiss. herb 
MN Alyssum linifolium Steph. Annual 
3 Cruciferae ex Willd. herb Seeds 1.600+0.053 May 
; Alyssum dasycarpum Annual 
4 Cruciferae Steph. ex Willd. herb Seeds 2.527+40.023 June 
5 Cruciferae Syrema mactocarpa ie Seeds 2.893+0.049 July 
Vass. herb 
Pachypterygium À l 
6 Cruciferae multicaule (Kar. et Kir.) fers, ? Fruits 10.827+0.130 June 
Bunge. 
7 Cruciferae Spirorhynchus saniilosus Anhual Fruits 11.060+0.836 June 
Kar. et Kir. herb 
ae Lepidium apetalum Annual 
8 Cruciferae Willdenow. herb Seeds 1.060+0.000 June 
9 Cruciferae Lep idium perfoliatum Annnal Seeds 7.173+0.070 July 
Linnaeus. herb 
10 Cruciferae Isatis minima Bunge. oe Fruits 4.593+0.771 July 
11 Cruciferae Isatis violascens Bunge. poi Fruits 9.177+0.292 July 
Descurainia sophia Annual 
12 Cruciferae (Linnaeus) Webb ex herb Seeds 2.073+0.012 May 
Prantl. 
ipo Epilasia hemilasia Annual ; 
13 Cruciferae (Bunge) C. B. Clarke. herb Fruits 7.090+0.626 May 
ee Tragopogon Annual ; 
14 Cruciferae kasahstanicus S. Nikit. herb Fruits 7.497+1.567 June 
15 Cruciferae Cihareloma vere enone Seeds 16.130+0.745 June 
Bunge. herb 
16 Liliaceae Tulipa sinkiangensi Z., Perennial Seeds 58.540+7.790 June 
M. Mao. herb 
17 Liliaceae Tulipa iliensis Regel. roe Seeds 28.300+6.720 May 
ig Eremurus inderiensis Perennial : 
18 Liliaceae (Steven) Regel. herb Fruits 71:937£1.297 June 
19 Chenopodiaceae Cgratocarp AS AT EIRATEUS Annual, Fruits 1.17740.083 July 
Linnaeus. herb 
20 Chenopodiaceae coris peream Annual, Seeds 2.857+0.078 June 
lehmannianum Bunge. herb 
21 Labiatae Nepeta TCR Annual Seeds 3.730+0.075 June 
Bunge. herb 
22 Umbelliferae Soranthus meyeri Ledeb. m Fruits 18.290+2.310 June 
23 Plantaginaceae Plantago minuta Pall. a Seeds 24.480+0.111 July 
24 Cyperaceae Carex physodes M.-Bieb. ate Seeds 2.780+1.014 May 
25 Gramineae Eremopyrur distans Es Annual Fruits 40.500+4.543 May 
Koch) Nevski grass 
SONTENE Erodium oxyrhinchum Annual 
26 Geraniaceae M. Bieb. herb Seeds 32.287+40.261 May 
: Ixiolirion tataricum Perennial 
27 Amaryllidaceae (Pall.) Herb. herb Seeds 58.110+0.663 July 
oj Lappula semiglabra Annual ; 
28 Boraginaceae (Ledeb.) Gurke. herb Fruits 0.807+40.015 June 


period. All seeds from the 5 temperature treatments were placed in 5 climate chambers. When the 
radicle broke seed coat, the seeds were considered to be germinated. The germinated seeds were 
counted and removed every 24 h, and germination period lasted 30 d. If intact seeds did not 
germinate, their viability was tested by using a 1% TTC (2, 3, 5-Triphenyltetrazolium chloride) 
solution (Baskin and Baskin, 1998). 


2.4 Statistical analyses 


Seed germination was measured using final germination percentage (FGP). FGP, the start time of 
germination, germination duration and time of FGP reaching 50% at 20°C/5°C treatment are the 
variables that were used to separate different species in principal component analysis (PCA) and 
cluster analysis. 

The data were subjected to analysis of variance (ANOVA). Before conducting ANOVA, the 
data were tested for homogeneity of variance and then transformed with arcsine square root if 
necessary. FGP was analyzed as dependent variables, and temperature and light were considered 
as fixed effects with a two-way ANOVA. If ANOVA result showed a significant difference, 
Tukey's test was used to determine the differences among treatments. All statistical analyses were 
performed using SPSS 13.0 software and figures were plotted using Origin 8.5 software. 


3 Results 


3.1 Effect of temperature on seed germination percentage 


For 5 temperature regimes (5°C/1°C, 15°C/S5°C, 20°C/S°C, 25°C/10°C and 30°C/15°C), 23 
species germinated and 5 species did not germinate (Table 2). Based on the data of seed 
germination percentage, we classified the 28 plants into the following 5 groups in response to 
temperature. 

3.1.1 Low temperature responsed plant (5°C/1°C) 

There was only 1 low temperature responsed plant (C. arenarius), accounting for 3.57% of the 28 
ephemeral plants (Table 2). 

3.1.2 Moderate temperature responsed plant (15°C/5°C and 20°C/5°C) 

There were 12 moderate temperature responsed plants, accounting for 42.86% of the 28 
ephemeral plants. The seed germination percentage of these plants was significantly higher than 
those of the low and high temperature responsed plants (P<0.001). These plants included L. 
semiglabra, C. vernum, T. kasahstanicus, E. distans, G. laevigata, I. tataricum, E. inderiensis, C. 
lehmannianum, A. linifolium, P. multicaule, T. sinkiangensi and C. vernum (Table 2). 

3.1.3 High temperature responsed plant (25°C/10°C and 30°C/15°C) 

There were 7 high temperature responsed plants, accounting for 25.00% of the 28 ephemeral 
plants. These plants included P. multicaule, L. apetalum, N. micrantha, S. macrocarpa, C. 
lehmannianum, D. sophia and L. perfoliatum (Table 2). 

3.1.4 Non-responsed plant 

There were 4 non-responsed plants, accounting for 14.29% of the 28 ephemeral plants. The seed 
germination percentages had no significant differences under low, moderate and high 
temperatures. These plants included A. dasycarpum, S. sabulosus, E. oxyrhinchum and M. 
scorpioides (Table 2). 

3.1.5 Non-germinated plant 

There were 5 non-germinated plants, accounting for 17.86% of the 28 ephemeral plants. These 
plants included Z. minima, I. violascens, T. iliensis, S. meyeri and C. physodes (Table 2). 


3.2 Effect of light on seed germination percentage 

According to the data of seed germination percentage under two light regimes, we divided the 28 
ephemeral plants into 4 groups in response to light. 

3.2.1 Light responsed plant 


There were 7 light responsed plants, accounting for 25.00% of the 28 ephemeral plants. The seed 
germination percentage of these plants was significantly higher under light than in continuous 
darkness (P<0.001). These plants included P. multicaule, L. apetalum, G. laevigata, L. semiglabra, 
A. dasycarpum, L. perfoliatum and D. sophia. 


Table 2 Effects of temperature and light on seed germination percentage 
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Seed germination percentage (%) 


Light/darkness Continuous darkness 
ae LT MT HT LT MT HT 
5°C/ 15°C/  20°C/ 25°C/ 30°C/ 5°C/ 15°C/ 20°C/ 25°C/ 30°C/ 
1°C 5°C 5°C 10°C 15°C 1°C IG 5°C 10°C 15°C 
P. minuta or ee gb 6" ie? Sue 
L. semiglabra oe 
L. apetalum ond o^ Be 22.a 308° 10°° 
N. micrantha 194° 
T. kasahstanicus 2AL 
E. hemilasia ee 
E. distans ke 
S. macrocarpa JPE 
G. laevigata 0^ 
I. tataricum 6" 
E. inderiensis o* 
C. vernum or 
C. lehmannianum o® 
M. scorpioides 1P: 
A. linifolium 0”? 5 Bab Be ike or by Ae 32% Dee 
D. sophia o= ee es ee es ee a 
L. perfoliatum o® 2A 2A ig gh Ge or oP oe oye 
C. arenarius gpa TE One De Ph ie Re op Ta Be 
A. dasycarpum ge 16^ B mB i DBE qE 5h 6P? Be 
P. multicaule o^ gm 4Ba DBP or oAd aru SPs oe 2 
S. sabulosus o^ qe o^ 1 0^ o^ ie ies i oO 
E. oxyrhinchum o™ o^ ie o^ ar o^ o^ o^ o^ q^ 
I. minima 0^ o^ o^ 0^ om o^ o^ Des 0^ oO” 
I. violascens 0^ 0^ 0^ 0^ ga 0^ o^ gaa o^ o^ 
T. sinkiangensi 0^ o^ o^ 0^ 0^ 0^ o^ o^ o^ o^ 
T. iliensis os oO gs o o~ o oom o om om o o 
S. meyeri o^ o^ o^ o^ o^ o^ o^ o^ o™ o^ 
C. physodes om o^ o^ o^ o^ o^ o^ o^ o^ o^ 


Note: LT, low temperature; MT, moderate temperature; HT, high temperature. The color from light to dark indicated the four levels of 


seed germination percentage (0%, 0%-30%, 30%-80% and 80%-100%). Different uppercase letters indicate significant differences 
among different lights under the same temperature at P<0.05 level, while different lowercase letters indicate significant differences 
among different temperatures under the same light at P<0.05 level. 


3.2.2 Darkness responsed plant 

There were 10 darkness responsed plants, accounting for 35.71% of the 28 ephemeral plants. The 
seed germination percentage of these plants was significantly higher under darkness than in light 
(P<0.001). These plants included S. macrocarpa, I. tataricum, E. inderiensis, C. vernum, E. 
hemilasia, E. oxyrhinchum, C. lehmannianum, M. scorpioides, C. arenarius and T. sinkiangensi. 
3.2.3 Non-responsed plant 

There were 6 non-responsed plants, accounting for 21.43% of the 28 ephemeral plants. The 
germination percentage of these plants showed no significant difference between light and 
darkness. These plants included T. kasahstanicus, A. linifolium, P. minuta, N. micrantha, S. 
sabulosus and E. oxyrhinchum. 


3.2.4 Non-germinated plant 
There were 5 non-germinated plants, accounting for 17.86% of the 28 ephemeral plants. These 
plants included I. minima, I. violascens, T. iliensis, S. meyeri and C. physodes. 


3.3 Seed germination pattern 


The results of PCA were represented by two principal component axes (Fig. 3). The two principal 
component axes representing the variation in seed germination characteristics of the 28 ephemeral 
plants were 48.42% and 38.33%, respectively. In total, the two principal component axes 
explained 86.75% of the total variation of by extracting the sum of squares of initial eigenvalues 
(Table 3). The two principal component axes can be expressed by the following formula: 
Axis 1=0.85Gp+0.48Gs+0.94Gd+0.32Gps, (1) 
Axis 2= —0.46Gp+0.76Gs—0.26Gd+0.82Gps, (2) 
where Gp is the seed germination percentage (%); Gs is the time of start of germination (d); Gd is 
the germination duration (d), and Gps is the time of FGP reaching 50% FGP (d). 
We performed cluster analysis based on specific scores of each plant on the two principal 
component axes (Figs. 3 and 4). Finally, we divided the 28 ephemeral plants into 4 germination 
patterns from PCA and cluster analysis. 
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Fig. 3 A principal component analysis of seed germination characteristics. a, time of start of germination; b, 
germination duration; c, time of final germination percentage reaching 50%; d, final germination percentage. 


w 


N 


N 
A 

zd 
< 


019 


ol6 


Fig. 4 A principal component analysis of axis scores of the 28 ephemeral plants. Numbers represent the plant 
species. 


Table 3 Total variance explained by principal component analysis 
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Initial eigenvalues Extraction of squared loadings 
Component Total initial Percentage of Cumulative Total squared Percentage of Cumulative 
eigenvalues variance (%) variance (%) loadings variance (%) variance (%) 
1 1.94 48.42 48.42 1.94 48.42 48.42 
2 1.53 38.33 86.75 1.54 38.33 86.75 
3 0.47 11.64 98.40 
4 0.06 1.60 100.00 


3.3.1 Very rapid germination 


Plants of very rapid germination had a high seed germination percentage, reaching 50% of the 
FGP in a very short time, and had short germination duration and an early time of start of 
germination. These plants included N. micrantha, P. minuta, T. kasahstanicus and L. apetalum. 


3.3.2 Moderately rapid germination 


Plants of moderately rapid germination had a moderately rapid seed germination percentage, 
reaching 50% of the FGP in a short time and had short germination duration. These plants 
included C. vernum and E. inderiensis. 


3.3.3 Moderate germination 


Plants of moderate germination had a low seed germination percentage, took a long time to reach 
50% of the FGP and had long germination duration and late time of start of germination. These 
plants included G. laevigata, M. scorpioides, P. densiflorum, A. linifolium, E. hemilasia and E. 
distans. 


3.3.4 Slow germination 


Plants of slow germination had a low seed germination percentage or did not germinate, took the 
longest time to reach 50% of the FGP and had the longest germination duration and latest time of 
start of germination. These plants included S. macrocarpa, L. semiglabra, A. dasycarpum, S. 
macrocarpa, C. lehmannianum, S. meyeri, L. perfoliatum, P. minuta, T. iliensis, S. sabulosus, C. 
physodes, I. minima, E. oxyrhinchum, I. violascens, T. sinkiangensis, I. tataricum, D. sophia, C. 
arenarius and L. semiglabra. 


4 Discussion and conclusions 


During the life cycle of plants, seed stage shows the strongest tolerance to environmental stresses, 
but seedling stage is the most vulnerable stage to environmental change (Shannon et al., 2016). 
However, successful establishment of seedlings strongly depends on the response of seed 
germination to the environment (Bertacchi et al., 2016). Therefore, studying the response of seed 
germination to the environmental factors may be useful for vegetation restoration. 


4.1 Effect of temperature on seed germination 


In the field, seeds buried in the soil sense temperature changes in different seasons and choose a 
suitable time to start the life cycle (Xia et al., 2018). Therefore, response of seed germination to 
temperature suggests the possible time within a year for vegetation restoration. In our study, the 
optimal temperature ranges of the 28 ephemeral plants in seed germination showed a great 
difference, such as P. minuta, L. semiglabra and L. apetalum had the highest germination 
percentages between 25°C/10°C and 30°C/15°C, T. kasahstanicus between 15°C/5°C and 
20°C/5°C, but I. tataricum and E. inderiensis between 5°C/1°C and 15°C/5°C. Therefore, the 
temperature requirement for germination is species-specific, some plants require low temperature, 
but others need moderate or higher temperature (Rosbakh and Poschlod, 2015; El-Keblawy, 
2017a). Based on the response of seed germination to temperature, we divided the 28 ephemeral 
plants into 5 groups. Considering the temperature change during spring in the Gurbantunggut 
Desert (Liu et al., 2011), low temperature responsed plants should be sown before the end of 
March, because low temperature and soil moisture from melting snow and rainfall provides a 


suitable environment for seed germination in early spring. Moderate temperature responsed plants 
should be sown before mid-April, and high temperature responsed plants should be sown before 
May. Differently, non-responsed and non-germinated plants may be related to the seed dormancy 
that limits the response of seed germination to temperature. For example, seeds of E. oxyrhinchum 
had physical dormancy (PD) (unpublished data), seeds of I. violascens had non-deep PD and 
intermediate PD (Zhou et al., 2015), seeds of T. iliensis were dormant at maturity but when 
subjected to cold and dry (2 months at 4°C) followed by cold and wet (<40 d at 4°C) conditions, 
their seed germination percentage reached up to 96% (Tang et al., 2009). Therefore, 
non-responsed and non-germinated plants should be sown in summer or autumn, which would 
allow the dormancy to be released by stratification temperature. 


4.2 Effect of light on seed germination 


In the field, seeds may be buried at different soil depths depending on wind and habitat 
characteristics, and the photon irradiance can be significantly decreased (Lai et al., 2015). 
Generally, it is believed that phototropic seeds need to be irradiated with red or white light to 
form more phytochrome to germinate; non-phototropic seeds require only a small amount of 
phytochrome to germinate, thus requiring a long period of darkness (Finch-Savage and 
Leubner-Metzger, 2006). Thus, plants responsed to light should be sown in soil surface or shallow 
soil. Plants responsed to darkness should be sown to a certain depth of soil, but the depth should not 
be too deep because being sown too deep also causes seed death via hypoxia. Non-responsed and 
non-germinated plants accounted for a large proportion in this study, and this result may be 
related to dormancy, thus limiting the response of seed to light. As suggested by Batlla and 
Benech-Arnold (2005) that the response of seed germination to light is gradually enhanced with 
dormancy loss progressed. In addition, theoretical models and empirical studies have also 
reported that smaller seeds tend to be positively photoblastic and larger seeds tend to be 
negatively photoblastic (Milberg et al., 2000; El-Keblawy, 2017a, b). In our study, the results of 
some plants partly support the above findings. For example, seed germination percentage of L. 
apetalum with small seeds was significantly higher in light/darkness than in continuous darkness, 
but seed germination percentages of I. tataricum and E. inderiensis with large seeds were 
significantly higher in continuous darkness than in light/darkness (Tables 1 and 2). In the field, 
especially for moving sand dunes, plants with large seeds avoided being blown away by wind as 
they might be buried into moving sand dunes. Therefore, response of seed germination to light 
provides a suggestion for sowing the seeds at different sand dune types and depths for vegetation 
restoration. 


4.3 Selection of plants for vegetation restoration 


In the Gurbantunggut Desert, hydrothermal factors are extremely uncoordinated and vegetation 
restoration is extremely difficult than that of the other deserts in China (Kang et al., 2018). To 
increase the success rate of vegetation restoration, it is necessary to select plants with different 
germination patterns based on sand dune types and sowing time. 


4.3.1 Selection of sand dune type for vegetation restoration 

For moving sand dunes, there is almost no vegetation coverage and wind erosion is very severe, 
and moving sand dunes are suitable for seed germination only for a certain time in a year. Thus, 
plants with very rapid and moderately rapid seed germination would be suitable for utilizing 
snowmelt and rainfall in early spring. For semi-fixed sand dunes, the dune surface is covered by 
sparse vegetation, and the loss of soil water content is slower than that of moving sand dunes. 
Thus, plants with moderately rapid seed germination could be selected. For sand plains, the dune 
surface is covered by relatively more vegetation and soil water content is higher than those of the 
other dune types. Thus, plants with moderate or slow seed germination could be selected. 

4.3.2 Selection of sowing time for vegetation restoration 

Precipitation pattern mainly determines soil water content in the dune surface, which affects seed 
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germination in the field (Flerchinger and Hardegree, 2004; Santos et al., 2013). Therefore, when 
we conduct vegetation restoration, distribution of precipitation should be considered. For the 
Gurbantunggut Desert, the period with the highest soil water content is early spring, followed by 
late autumn (Fig. 2). Therefore, plants of very rapid seed germination should be sown at this time. 
Plants with moderately rapid seed germination, such as E. distans and E. oxyrhinchum, often have 
a mild dormancy, and they may have bet-hedging strategies (bet-hedging is defined as a strategy 
that reduces the temporal variance in fitness at the expense of a lowered arithmetic mean fitness; 
Zhang et al., 2007). When rainfall is abundant in late autumn, seeds germinate and seedlings 
withstand the winter. When rainfall is scarce in autumn, seed germination will be delayed until the 
succeeding spring. Therefore, plants with moderately rapid seed germination should be sown in 
late autumn. Plants with moderate and low seed germination usually are dormant. Thus, plants 
with moderate and low seed germination should be sown after fruit or seeds disperse in summer 
in order to releasing dormancy. 

In conclusion, this study provides a method of plants selection for vegetation restoration in 
terms of seed germination characteristics. It would be conducive to improving seedling 
establishment of these ephemeral plants in the Gurbantunggut Desert when considering the seed 
sowing time and sand dune types during seed germination period. 
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